The four-chambered mammalian heart develops from two fields of cardiac progenitor cells distinguished by their spatiotemporal patterns of differentiation and contributions to the definitive heart [1] [2] [3] . The first heart field differentiates earlier in lateral plate mesoderm, generates the linear heart tube and ultimately gives rise to the left ventricle. The second heart field (SHF) differentiates later in pharyngeal mesoderm, elongates the heart tube, and gives rise to the outflow tract and much of the right ventricle. Because hearts in lower vertebrates contain a rudimentary outflow tract but not a right ventricle 4 , the existence and function of SHF-like cells in these species has remained a topic of speculation [4] [5] [6] [7] [8] [9] [10] . Here we provide direct evidence from Cre/Lox-mediated lineage tracing and loss-of-function studies in zebrafish, a lower vertebrate with a single ventricle, that latent TGF-b binding protein 3 (ltbp3) transcripts mark a field of cardiac progenitor cells with defining characteristics of the anterior SHF in mammals. Specifically, ltbp3 1 cells differentiate in pharyngeal mesoderm after formation of the heart tube, elongate the heart tube at the outflow pole, and give rise to three cardiovascular lineages in the outflow tract and myocardium in the distal ventricle. In addition to expressing Ltbp3, a protein that regulates the bioavailability of TGF-b ligands 11 , zebrafish SHF cells co-express nkx2.5, an evolutionarily conserved marker of cardiac progenitor cells in both fields 4 . Embryos devoid of ltbp3 lack the same cardiac structures derived from ltbp3 1 cells due to compromised progenitor proliferation. Furthermore, small-molecule inhibition of TGF-b signalling phenocopies the ltbp3-morphant phenotype whereas expression of a constitutively active TGF-b type I receptor rescues it. Taken together, our findings uncover a requirement for ltbp3-TGF-b signalling during zebrafish SHF development, a process that serves to enlarge the single ventricular chamber in this species.
Using in situ hybridization, we discovered that zebrafish ltbp3 transcripts are expressed in cells at the outflow pole of the linear heart tube Supplementary Fig. 2 ). Additionally, ltbp3 1 cells are neither endothelial nor derived from the neural crest because ltbp3 expression remains robust in embryos lacking both cell types ( Supplementary Fig. 3 ). Because the anatomical relationship of ltbp3 1 cells to the heart tube is reminiscent of the anterior segment of the SHF in mice 3, 12 , ltbp3 1 cells were evaluated for co-expression of nkx2.5, an evolutionarily conserved marker of cardiac progenitor cells (CPCs) in both heart fields 4 . As reported previously, cells in the linear heart tube were positive for nkx2. 5 (ref. 13) . Surprisingly, nkx2.5 expression also overlapped with ltbp3 transcripts ( Fig. 1f-h) , demonstrating that an extra-cardiac population of ltbp3 1 , nkx2.5 1 cells resides at the outflow pole of the zebrafish heart tube. This population was also readily identified in double transgenic Tg(nkx2.5::ZsYellow); Tg(cmlc2::CSY) embryos expressing ZsYellow and AmCyan proteins from nkx2.5 and myocardial (cmlc2) promoters respectively ( Fig. 1i -k). Lastly, these cells co-express zebrafish tgfb3 transcripts ( Supplementary Fig. 4 ) consistent with the demonstrated function of LTBP proteins as regulators of TGF-b signalling 11 .
To determine if Ltbp3 is required for zebrafish cardiogenesis, we evaluated embryos injected with anti-sense ltbp3 morpholinos (Supplementary Fig. 5 ) for chamber-specific defects in cardiomyocyte and endocardial cell number. Knocking down Ltbp3 halved the number of ventricular cardiomyocytes and endocardial cells, whereas atrial cell numbers were unaffected ( Fig. 2a-f ). The ventricular deficit was evident earlier in development, soon after formation of the heart tube, as shortening of the ventricular segment accompanied by a defect in cardiac looping ( Fig. 2g -i). ltbp3 morphants also lacked Eln2 1 outflow tract (OFT) smooth muscle precursor cells ( Fig. 2j -m) 7,14 homologous to SHF-derived smooth muscle cells surrounding the base of the aorticopulmonary trunk in higher vertebrates 10 . Lastly, ltbp3 morphants failed to form the ventral aorta (data not shown) and a majority of pharyngeal arch arteries ( Supplementary Fig. 6 ). Taken together, these data demonstrate that knocking down ltbp3 causes multi-lineage cardiovascular defects in the pharyngeal arches, OFT and ventricle.
In mammals, the anterior segment of the SHF gives rise to the embryonic OFT and the right ventricular half of the common embryonic ventricle before septation [1] [2] [3] . Despite the fact that zebrafish embryos never septate their single ventricles, the ltbp3 morphant phenotype is remarkably similar to mouse anterior SHF mutants that die before septation with severe reductions in the primitive right ventricle and OFT [15] [16] [17] . Therefore, we tested the hypothesis that ltbp3 1 cells represent an SHF-like population that gives rise to some or all of the structures missing in ltbp3 morphants. To that end, we used Cre/Loxmediated lineage tracing to irreversibly mark ltbp3 1 cells and their descendents that assume myocardial, endocardial/endothelial and smooth muscle cell fates. First, we derived a transgenic driver strain, Tg(ltbp3::TagRFP2Acre), which co-expresses a red fluorescent protein (TagRFP) and Cre recombinase in ltbp3 1 cells ( Fig. 3a and Supplementary Fig. 7 ). Second, we generated three lineage-restricted reporter strains that carry a unique Cre-responsive 'colour switching' cassette (AmCyan-Switch-ZsYellow (CSY)) under transcriptional control of myocardial (cmlc2; also known as myl7), endothelial (kdrl), and smooth muscle precursor cell (eln2) 7,14 promoters ( Fig. 3b and Supplementary Fig. 8 ). We also generated a ubiquitous reporter strain using the zebrafish ubiquitin promoter 18 ( Fig. 3b and Supplementary  Fig. 8 ). For each reporter, we confirmed Cre-dependent AmCyan to ZsYellow 'colour switching' caused by excision of the floxed AmCyan-STOP sequence from the reporter cassette ( Supplementary Fig. 8 ).
Double transgenic progeny from the driver and myocardial reporter strains expressed ZsYellow protein in approximately the distal half of the ventricle (Fig. 3c ) demonstrating that myocardium in this segment of the ventricle descends from ltbp3 1 progenitors. Myocardial cells in the proximal OFT also arise from ltbp3 1 cells ( Supplementary Fig. 9 ). Furthermore, ltbp3 morphant ventricles lacked ltbp3 1 -cell-derived cardiomyocytes, confirming that the distal ventricle is specifically affected in the morphants (Fig. 3d ). In higher vertebrates, SHF cells labelled with a tracking dye after heart tube formation migrate into the OFT tract and ventricle 12, 19, 20 . Similarly, we injected CellTrackerRed into the non-myocardial (AmCyan 2 ), nkx2.5 1 (ZsYellow 1 ) region of double transgenic Tg(nkx2.5::ZsYellow); Tg(cmlc2::CSY) embryos at the heart tube stage and observed subsequent dye migration into the distal ventricle and OFT ( Fig. 3e-h ). Taken together, these data demonstrate that ltbp3 1 cells give rise to distal ventricular myocardium through late differentiation and accretion to the heart tube.
By crossing our driver line with the endothelial and smooth muscle reporter strains, we learned that ltbp3-expressing cells also give rise to endothelial and smooth muscle cells in the OFT (Fig. 3i, j) . In smooth muscle reporter embryos, ZsYellow fluorescence was predominantly observed at the base of the OFT (Fig. 3j ), indicating that ltbp3 1 cells make a regionalized contribution to OFT smooth muscle. We did not observe colour switching in ventricular endocardium or pharyngeal arch artery endothelium, indicating that these cellular compartments are not derived from ltbp3 1 cells (data not shown). Lastly, lineage tracing ltbp3 1 cells with the ubiquitous reporter corroborated the conclusions drawn from lineage-restricted reporters (Fig. 3k-n) . Taken together, these data demonstrate that ltbp3 1 cells, in addition to giving rise to ventricular myocardium, also give rise to three cardiovascular lineages in the OFT.
To elucidate the cellular mechanism(s) underlying the ltbp3 morphant phenotype, we evaluated morphant embryos, soon after formation of the heart tube, for cellular defects in the extra-cardiac population of ltbp3 1 , nkx2.5 1 cells at its outflow pole. Although TagRFP-expressing ltbp3 1 cells are too faint to visualize in Tg(ltbp3::TagRFP2Acre) embryos at this developmental stage, non-myocardial ZsYellow-expressing nkx2.5 1 cells are readily detected in Tg(nkx2.5::ZsYellow); Tg(cmlc2::CSY) embryos ( Fig. 1i-k) . Shortly after heart tube formation, both control and morphant embryos harboured extra-cardiac nkx2.5 1 cells, demonstrating that progenitor specification is not compromised by loss of ltbp3 function (Fig. 3o, p) . However, eleven hours later, this population was absent specifically in ltbp3 morphants (Fig. 3q, r) . The absence of TdT-mediated dUTP nick end labelling (TUNEL) indicated that progenitor survival is not compromised (data not shown). By contrast, BrdU staining revealed that progenitor proliferation is significantly reduced in ltbp3 morphant embryos ( Fig. 3s-u) . Taken together, these 
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data support a model in which ltbp3 functions in an autocrine fashion to stimulate proliferation or self-renewal of ltbp3 1 , nkx2.5 1 progenitors to sustain adequate CPC numbers during their differentiation and migration from the SHF. On the basis of this model, we speculate that knocking down ltbp3 causes a premature depletion of CPCs from the SHF. LTBP proteins are secreted with TGF-b ligands in a large latent complex that becomes anchored to the extracellular matrix before ligand activation 11 . Because LTBP proteins are also required for secretion of TGF-b ligands, we used three approaches to test the hypothesis that defective TGF-b signalling underlies the cardiovascular phenotypes seen in ltbp3 morphants. First, we evaluated the linear heart tube and surrounding regions for phosphorylated pSmad2 epitopes, a hallmark of active TGF-b signalling 21 . TGF-b signalling was observed in the heart tube proper and in extra-cardiac cells approximating the location of ltbp3 1 , nkx2.5 1 progenitors (Fig. 4a ). Loss of ltbp3 function eliminated pSmad2 epitopes specifically in the extra-cardiac population, leaving signalling in the heart tube unaffected. These data demonstrate that ltbp3 morphant embryos exhibit a highly localized defect in TGF-b signalling specifically in the SHF (Fig. 4b ). Next, we evaluated whether small molecule inhibition of TGF-b signalling would phenocopy ltbp3 morphants. To that end, we used a selective inhibitor (LY364947; ref. 22 ) of the TGF-b type I receptor ALK5 that effectively abrogated TGF-b signalling in zebrafish embryos (Fig. 4c ). LY364947-treated embryos phenocopied ltbp3 morphants, as evidenced by reductions in ltbp3 1 -cell-derived myocardium and OFT smooth muscle ( Fig. 4d-g) . Using LY364947, we also determined 
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the developmental time window, 26-36 h post-fertilization, during which TGF-b signalling is required for the formation of the distal ventricle ( Supplementary Fig. 10 ), the same time window during which nkx2.5 1 progenitors disappear in ltbp3 morphants ( Fig. 3o-r) . Lastly, we attempted to rescue ltbp3 morphant embryos by inducing ubiquitous expression of a constitutively active TGF-b type I receptor (constitutively active ALK5), the same receptor targeted by LY364947, predicted to be downstream of ltbp3 and TGF-b ligands (Supplementary Fig. 10) . In a majority of embryos, heat-shock inducible expression of constitutively active ALK5 partially or fully rescued the loss of distal myocardium seen in ltbp3 morphants (Fig. 4h-j) . Taken together, these results indicate that attenuation of TGF-b signalling underlies the cardiovascular phenotypes present in ltbp3 morphant embryos. Because ltbp3 1 cells differentiate after formation of the heart tube in pharyngeal mesoderm, elongate the tube at the outflow pole, and give rise to three cardiovascular lineages in the OFT and myocardium in the distal ventricle, they show defining characteristics of the mouse anterior SHF. As such, ltbp3 1 cells would also be predicted to encompass the zebrafish equivalents of the avian secondary and anterior heart fields 1, 19, 23 .
Our findings are consistent with a recent study demonstrating that pre-existing ventricular cardiomyocytes do not give rise to new cardiomyocytes during elongation of the zebrafish heart tube 9 . The same authors report that the zebrafish homologue of Islet1, a well-known marker of mammalian SHF cells, is dispensable for formation of the distal ventricle, herein reported to derive from the zebrafish SHF. Thus, it seems that the critical role of Islet1, during anterior SHF development, has become minimized or replaced by another factor specifically in the fish lineage. Alternatively, Islet1 function during mammalian anterior SHF development might have co-evolved with the four-chambered heart 24 .
Although zebrafish do not have a right ventricle, ltbp3 1 cells accrete the distal ventricular segment to the zebrafish heart tube much like SHF cells accrete the primitive right ventricle to the mouse heart tube before septation. In mouse, the SHF-derived segment becomes a distinct chamber after septation. In zebrafish, the SHF-derived segment instead augments the singular ventricular chamber, a trait that may have conferred an evolutionary advantage to a common ancestor of both zebrafish and mammals.
METHODS SUMMARY
Single and double, fluorescent and non-fluorescent, in situ hybridization and immunohistochemical stainings were performed using standard protocols. To analyse the ltbp3 loss-of-function phenotype, we injected antisense ltbp3 morpholinos into one-cell-stage wild-type and transgenic embryos. For genetic lineage tracing, a transgenic driver strain expressing Cre recombinase in ltbp3 1 cells and four Creresponsive 'colour switching' reporter strains were generated using standard methods. The driver strain was crossed individually to each of the reporter strains and their double transgenic progenies were analysed for ZsYellow protein fluorescence using confocal microscopy. To follow the migration of zebrafish SHF cells, a tracking dye was injected into the ZsYellow 1 , AmCyan 2 region of Tg(nkx2.5::ZsYellow); Tg(cmlc2::CSY) embryos at 24 h post-fertilization, the embryos were imaged immediately, and then again at 48 and/or 72 h post-fertilization. A transgenic strain carrying a cDNA encoding a constitutively active human TGF-b type I receptor (constitutively active ALK5) under control of the zebrafish heat shock promoter was generated and used to rescue the myocardial defect in ltbp3 morphant embryos.
